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I. 
It has long been known that certain plants respond to an increase 
in intensity of illumination by a  brief increase or decrease in growth 
rate.  The  increase was first shown by Blaauw  (1914)  for the uni- 
cellular,  light-sensitive  sporangiophores of  Phycomyces,  and  simul- 
taneously the decrease by Vogt  (1915)  for the etiolated coleopfiles 
of Arena. 
If a  sporangiophore of Phycomyces  growing vertically in the dark is 
illuminated from above, or laterally from a number of opposed sources 
of equal intensity, after a  definite interval an increase in the vertical 
rate  of growth is observed, later  followed by  a  decrease and  brief 
fluctuations until  the original  rate  is  regained  (see  Fig.  1).  This 
response  has  been  called  by  Blaauw  the  "light-growth"  response. 
If the light is maintained, the sporangiophore which has regained its 
original growth rate  is then insensitive to  that  particular light, or 
"light-adapted."  In order to  produce a  new  growth  response the 
intensity of the light must be again increased by a  definite amount. 
The inverse phenomenon of  "dark-adaptation"  is  shown by an  in- 
crease of sensitiveness to stimulation by light as the sporangiophore 
is kept in the dark. 
In the absence of precise studies of the kinetics of photic excitation 
and adaptation in plants it is of interest to examine the course of dark 
adaptation in Pkycomyces,  particularly as in the sporangiophores of 
this form the whole mechanism of reception and reaction is contained 
within one cell wall, and is probably confined to a very small region of 
that cell.  Thus Errera (1884) showed that the whole growing zone of 
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the  sporangiophore of Phycomyces  was  within  1.0  ram.  of  the  spor- 
angium,  and  Blaauw  (1918)  that  the light-sensitive  region probably 
did not extend more than 2.0 ram. below it. 
II. 
Pure cultures of Phycomyces blakesleanus Burgefl (" +" strain)  were grown in 
short glass vials as previously described  (Castle,  1927-28).  For experimentation 
a culture was placed in a moist glass cell with plane walls and cover nearly sub- 
merged in a water thermostat enclosed by a dark room.  The temperature of the 
bath was held at 24.4°C. throughout, the atmosphere of the ceil being saturated 
with water vapor at that temperature.  By means of a sliding block either of two 
incandescent bulbs  controlled by separate  switches  could  be  brought  directly 
above the culture.  One of low intensity was used as an initial adapting light,  the 
other high intensity bulb being later pulled into position and used for brief stimula- 
tion.  Heat was screened from the culture by an interposed plate of colloidal gold 
glass.  The particular sporanglophore under consideration  was observed laterally 
against an intermittent red light by means of a horizontal microscope which  pro- 
jected into the dark room enclosing the thermostat and contained an ocular mi- 
crometer scale against  which elongations of as little as 10~ could be noted. 
An  actual  experiment was  run as  follows:  a  culture placed in  the 
observation cell was allowed to become thoroughly adapted thermally 
and photically for at least an hour, the low intensity lamp giving an 
intensity of illumination of 1.8 ft. candles.  At an instant noted with 
a  stop-watch the light was put out, and the culture allowed to remain 
in darkness for a  measured interval.  The  150 watt lamp,  giving an 
intensity of 40 ft. candles, was now pulled into position and flashed on 
for 0.10  minute.  Meanwhile  and  during  the  ensuing  darkness  the 
position of the  sporangiophore,  read to  the sharp  upper meniscus of 
the  sporangium,  was  observed  at  intervals  of  ¼ minute.  These 
micrometer readings  when  plotted  against  the  time  follow a  nearly 
linear or slightly declining sequence until the growth response begins, 
when  the points rise rapidly  (Fig.  1).  The  first  significant  upward 
deviation, read to the nearest quarter of a minute, is taken as the time 
of the response. 
The sporangiophore is  then  readapted to  the low intensity by an 
exposure of 30 minutes, and restimulated after different times in the 
dark with the same quantity of light energy. ~.  s.  CASTLE  393 
llI. 
Table I presents the average data for the reaction tees of twenty 
sporangiophores,  each  figure  being  the  mean  of  ten  separate  deter- 
10 
0 
.~-4 
~  8 
I 
/ 
4 
S 
( 
I 
6 
l'Iinutes 
I  I  l 
8  10 
FIO. 1.  The light growth response of Phycomyces.  Sporangiophore previously 
growing in light of 1.8 ft. candles intensity, which is put out at (a).  Dark adap- 
tation of 5 minutes duration from (a) to (b).  At (b) stimulation for 0.10 minute 
with 40 if.candles.  First increase in growth rate at (c), 3.0 minutes after stimula- 
tion.  The slight falling off in rate during dark adaptation is not a random variation 
and usually occurs if the time in the dark is long enough.  On the figure the trend 
of the growth curve previous to the response is continued as a thin line. 
minations.  Such averaging is justifiable,  as seen from the small size 
of  the  corrected  probable  errors,  in  spite  of  the  known  individual 394  RESPONSE  OF PHYCOMYCES 
variability in absolute growth rate and in the temperature relations of 
growth (Castle, 1927-28).  The photosensitive system must therefore 
possess a considerable degree of autonomy within the limits of the uni- 
cellular sporangiophore. 
The reaction time clearly decreases in an orderly way with increas- 
ing  time  in  the  dark.  Since  stimulation  in  these  experiments  is 
effected with a constant quantity of light energy at constant intensity, 
the  observed  changes  in reaction  time  are  presumed  to  be  due  to 
changes in the  concentration  of a  photosensitive  substance which is 
TABLE  I. 
Reaction Time during Dark Adaptation.  Each Mean R.  T. Is the Average  of 10 
Separate Determinations on a Number of Different Sporangiophores. 
Time in dark  Mean R.T.  Probable error of the mean* 
mln. 
2.0 
3.0 
4.0 
5.0 
7.0 
9.0 
12.0 
16.0 
25.0 
ra/~. 
3.58 
3.30 
3.15 
2.85 
2.68 
2.55 
2.48 
2.35 
2.33 
rain. 
-4-O.O4 
0.05 
0.06 
0.08 
0.05 
0.06 
0.05 
0.05 
0.04 
* Corrected for sampling by the method of Student  (see Shewhart, I926). 
formed in the dark.  The reaction time is therefore an inverse measure 
of the concentration of this substance, S, or 
1  3- 
R.T.  -M 
where  M  is  a  constant  representing  the  sum  of  the  true  latent 
period  resulting  as a  consequence of  photochemical action and any 
mechanical "action time" which may be present. 
If the formation of S in the dark were a first order process, a plot of 
log (R. T. -  iV/) against time in the dark should give a linear relation- 
ship.  M  is taken as 2.30 minutes,  a  value  which is most favorable, 
within  the limits of choice, to the log plot.  The linear  relationship E.  S.  CASTLE  395 
does not hold, as is seen in Fig. 2, where the points fall on a  curved 
line, perhaps with an inflection point. 
Assuming M  =  2.10  minutes and R.T.ct, 0)  =  7.4 minutes, values 
O.ll  --~ 
~.o9  - 
i.o~  - 
i.o -  I  I.  I  , 
4  8  l~  t6  20  24 
l~in~te~ in the da~k 
FIG. 2. Plot of the logarithm of the reaction time minus true latent period and 
"action time" against time in the dark.  A linear relation would be expected if 
dark adaptation were a first order process. 
of K  have been calculated for pairs of adjacent points according to the 
formula for a bimolecular reaction 
Q,  --  X2  a  --  Xl 
where x  stands  for the amount of S  formed.  The average value of 
K  is 0.012,  and has been used to calculate the theoretical hyperbola 396  RESPONSE  OF  PttYCOM¥CES 
drawn  through  the  observed  points  in  Fig.  3  (a),  by means  of  the 
formula 
1  X 
al  a  --  x 
The fit is reasonably good, and the course of dark adaptation therefore 
approximates the curve of a second order or "bimolecular"  reaction. 
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FIG. 3.  Reaction time as a function of dark adaptation.  In (a) the observed 
points are fitted with a hyperbola calculated according to the formula for a second 
order process.  In (b) a free-hand curve is drawn through the same points, dis- 
placed on the ordinate scale, to illustrate the possible inflection  of the curve.  In 
each case the probable error of the mean reaction time is represented by one half 
the height of the symbol. 
Crozier and Wolf (1928-29)  studied the dark adaptation of Agrioli- 
max during continuous photic excitation, and found the equations of a 
second order process with autocatalysis by the product of the reaction E.  S.  CASTLE  397 
necessary to  account for the kinetics of the "dark"  reaction.  It is 
possible that an initial lag and subsequent inflection point in the curve 
relating reaction time and time in the dark such as would be expected 
on the basis of autocatalysis exists in the course of the dark adaptation 
of Pkycomyces (see Fig. 3  (b) and Fig. 2).  The location of the inflec- 
tion point is at least not contradictory to the autocatalytic hypothesis, 
although a final decision as to the presence or absence of autocatalysis 
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FIG. 4. Plot from the data of ToUenaar  and Blaauw (1921) of the energy neces- 
sary to produce a just perceptible increase in growth rate after different times in 
the dark.  (The time and intensity components of the energy product are not 
given in the original.) 
cannot be made with the existing measurements.  Another method 
of study of the photic adaptations of Phycomyces is at hand which is 
expected to render the distinction possible. 
IV. 
The only other attempt at a  quantitative study of dark adaptation 
in plants has been made by Tollenaar and Blaauw (1921)  on Phyco- 
myces nilvns.  They determined the threshold sensitivity of sporan- 398  P~ESPONSE OF P~CO~YCES 
giophores by estimating the quantity of light necessary to produce a 
just perceptible increase in growth rate, following varying lengths of 
time in darkness after complete adaptation to light of 64 meter candles 
intensity.  The logarithms of the energy products required to stimu- 
late after different times in darkness are plotted in Fig. 4, taken from 
the data of Blaauw and Tollenaar, from which the authors conclude 
that  the increase of sensitivity in  the dark  is a  simple logarithmic 
function of the  time  in  darkness, and  that this relation "resembles 
the law of Weber for the comparison of two intensities." 
This  experiment rests  on  the  assumption of  the  validity  of  the 
Roscoe-Bunsen law for the light-growth response, when the  exposure 
time is varied over a considerable range.  It must be emphasized that 
although this relation has been found to hold satisfactorily for minimal 
stimulation by light in the case of Mya (Hecht, 1919-20,  a) the pres- 
ence or absence of the response in this animal is a true criterion of thresh- 
old  excitation,  whereas  in  the light-growth response of Phycomyces 
the "threshold" is merely the least increase in growth rate perceptible 
to tl~e observer.  We may therefore be dealing with a  response which 
is far from minimal as concerns the sporangiophore itself.  In other 
words, if the "light" reaction in 2hycomyces is rapid, as qualitatively 
seems to  be  true,  then light adaptation will take place  during the 
exposure time, provided the latter is of sufficient duration.  In such 
a  case  the reaction time should be unduly long, and the complete 
differential for the production of S would have to be the sum of the 
partial differentials for the "light" and "dark" reactions.  The valid- 
ity of the Roscoe-Bunsen law for particular circumstances would not 
mean that the effectiveness of the light was at all times equivalent. 
If we should assume that the curve in  Fig. 4 represents the unop- 
posed course of the "dark" reaction which regenerates S, the sensitive 
substance, it may be significant that there is an early inflection point 
as demanded by the notion of autocatalysis, and that the subsequent 
points do not fall on a  straight line.  In any case, the logarithmic 
relationship which might hold were Weber's law to be followed dearly 
does not exist, and since the data of Tollenaar and Bla~uw give neither 
time nor intensity it is impossible to make with surety any quantitative 
inferences from the shape of the curve. ~..  s.  CASTLE  399 
V. 
It seems significant that the kinetics of dark adaptation in the uni- 
cellular sporangiophores of Phycomyces, where the mechanical aspects 
Of the light response are so different from those in other forms, should 
prove to  be strictly comparable to  the other photosensory systems 
which have been  studied,  all  of  the  latter  being  in  animals: Mya 
(Hecht, 1918-19), the human retina (Hecht, 1919-20, b), and Agridi- 
max (Crozier and Wolf, 1928-29).  In all of these systems the "dark" 
reaction which regenerates the sensitive substance is bimolecular, in 
spite of known differences in the specific nature of the photosensitive 
materials themselves.  This similarity points to a  certain identity in 
the kind of chemical mechanics that underlies the sensitivity of organ- 
isms to light. 
SUMMA I~.Y. 
1.  A  single-celled,  elongating  sporangiophore of  Phycomyces re- 
sponds to a  sufficient increase in intensity of illumination by a  brief 
increase  in  growth  rate.  This  is  the  "light-growth  response"  of 
Blaauw. 
2.  The reaction time is compound, consisting of an exposure period 
and a  latent period  (this comprising both the true latent period re- 
sulting from photochemical action and any "action time" necessary 
for the response).  During the latter period the plant may be in dark- 
ness, responding nevertheless at the end of the latent period. 
3.  Both light adaptation and dark adaptation occur in the sporan- 
giophore.  The k~netics of dark adaptation can be accounted for on 
the basis of a bimolecular reaction, perhaps modified by autocatalysis. 
Attention is called to the bimolecular nature of the "dark" reaction 
in all other photosensory systems that have been studied, in spite of 
the diversity of the photosensitive substances themselves and of the 
different forms of the responses to light. 
I  wish to acknowledge with thanks the suggestion by Dr.  W. H. 
Weston,  Jr.  of  the  suitability  of  .Phycomyces btakesleanus for  the 
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